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Abstract
Alcohol is the most commonly used drug in the United States and alcohol abuse can lead
to alcohol use disorder. Alcohol use disorder is a persistent condition and relapse rates following successful remission are high. Many factors have been associated with relapse for
alcohol use disorder, but identification of these factors has not been well translated into preventative utility. One potentially important factor, concurrent nicotine use, has not been well
investigated as a causal factor in relapse for alcohol use disorder. Nicotine increases the
value of other stimuli in the environment and may increase the value of alcohol. If nicotine
increases the value of alcohol, then nicotine use during and after treatment may make
relapse more probable. In the current study, we investigated the effect of continuous nicotine exposure (using osmotic minipumps to deliver nicotine or saline, depending on group,
at a constant rate for 28 days) on resurgence of alcohol seeking in rats. Resurgence is a
type of relapse preparation that consists of three phases: Baseline, Alternative Reinforcement, and Resurgence Testing. During Baseline, target responses produced a dipper of
alcohol. During Alternative Reinforcement, target responses were extinguished and
responses on a chain produced a chocolate pellet. During Resurgence Testing, responses
on the chain were also extinguished and a return to responding on the target lever was indicative of resurgence. Multilevel modeling was used to analyze the effect of nicotine on resurgence. Both the nicotine and saline group showed resurgence of alcohol seeking, but there
was no difference in the degree of resurgence across groups. Future directions could
involve testing alternative drug delivery techniques.

Data Availability Statement: All relevant data are
within the paper and its Supporting Information
file.
Funding: This research was partially funded by the
Society for the Advancement of Behavior Analysis
(SABA). The first author (CCJF) received an
Innovative Student Research Grant for this work, in
the sum of $2000. No members of SABA played
any role in study design, data collection/analysis,
the decision to publish the work, or preparation of
the manuscript. http://saba.abainternational.org/

Introduction
Alcohol is the most commonly used drug in the United States [1]. Alcohol is a depressant and
is rewarding due to its disinhibiting and euphoria-producing effects. Due to the high reinforcing efficacy of alcohol, some people are unable to moderate the frequency and/or intensity of
their drinking and develop alcohol use disorder (AUD). AUD has a negative effect on a person’s ability to thrive in society and is associated with long-term health detriments. Alcohol is
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responsible for an average of 88,000 deaths per year and the effects of alcohol use cost the
United States $220 billion each year [2]. A recent study, using a large representative sample,
found that 13.9% of individuals met the criteria for AUD in the last year and 29.1% of individuals met the criteria for AUD at some point in their life [3]; these numbers indicate a significant increase over the past decade [4].
The rate of relapse for AUD following remission is high [5], but the reasons for high rates
of relapse are not well-understood. Relapse for AUD, following successful treatment, has been
linked to a variety of social and biological markers, but these findings have not been well translated into preventative utility. Indeed, most people relapse at least once before successfully
overcoming the disorder [6]. One under-investigated factor for the high rates of relapse in people who are in remission for AUD is concurrent nicotine use.
Tobacco cigarette consumption is still a leading cause of preventable death in the United
States [7] and electronic cigarette use is on the rise. Nicotine is the constituent in tobacco cigarettes that is believed to be responsible for the high rates of addiction. Dependence is more
common with nicotine than with any other substance [8]. Although tobacco cigarette consumption has declined in recent years, alternative forms of nicotine delivery have increased
[1,9]. The majority of past research on nicotine use has focused on the deleterious health
effects of tobacco cigarette consumption. Whereas much is known about the effects of tobacco
cigarettes on health, relatively little is known about the behavioral effects of nicotine consumption alone.
Nicotine is a complex drug of abuse. According to the dual reinforcement model of nicotine
action [10], nicotine consumption has both primary reinforcing effects and reward-enhancing
effects. As a primary reinforcer nicotine is relatively weak [11], but is a much stronger reinforcer if it is accompanied by other stimuli. Nicotine increases the value of these stimuli
through its reward-enhancing properties and increases the behavior that produces them. Furthermore, nicotine ingestion has been shown to increase the value of other stimuli in the environment that are unrelated to nicotine delivery. For example, nicotine increases the value of
food [12], contingent light presentations [13], sucrose [14], attractiveness to facial cues [14],
reported happiness while watching films categorized as “happy films” [15], and sensory
rewards such as music [16]. It has been argued that the reward-enhancing properties of nicotine are, at least partially, responsible for the prevalence of its use [8,14].
Nicotine abuse is often comorbid with alcohol abuse and may facilitate relapse for AUD
symptoms. Approximately 80–95% of people with alcoholism smoke tobacco cigarettes [17].
Selective breeding for high alcohol preference in mice simultaneously increases sensitivity to
nicotine’s reinforcing effects [18]. In rats, exposure to nicotine increases alcohol consumption
[19]. The increase in alcohol consumption under the influence of nicotine could be the result
of nicotine increasing the value of alcohol and its corresponding effects. The increase in the
value of alcohol–through nicotine’s reward-enhancing properties–may lead to higher rates of
relapse for those undergoing treatment for alcoholism if they continue to use nicotine during
and after treatment. Human clinical observations support this assertion. Female smokers who
undergo treatment for alcoholism have higher cravings for alcohol than their non-smoking
counterparts [20]. Daily smoking abstinence is associated with lower alcohol consumption,
lower urges to drink, greater alcohol abstinence self-efficacy, and perceived self-control
demands [21]. Furthermore, smoking during abstinence for alcohol, when people are in treatment for AUD, is associated with an increase in the frequency of urges to drink [22,23]. In
physiological studies, nicotine has been found to increase salivary cortisol levels, which are
associated with relapse [24] and promote sustained GABAA receptor levels, which are associated with craving for alcohol [25]. The reward-enhancing properties of nicotine could be (at
least partially) responsible for the high rates of relapse seen in those with AUD, due to the high
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rate of concurrent nicotine use in this population. The causal relation of nicotine exposure to
relapse for alcohol seeking is difficult to study, however, in human populations.
Animal models of relapse provide a methodology for assessing the effect of nicotine on
relapse for alcohol seeking. There are several ways to model relapse in the laboratory (e.g.,
spontaneous recovery, reinstatement, renewal, resurgence, etc.) [26]. Each of these methodologies share the same overarching research strategy. For example, each relapse preparation consists of Phase 1: acquisition of target responding (e.g., responding on a lever to earn a drug),
Phase 2: the cessation/reduction of target responding (e.g., no longer responding on the lever
that is associated with drug), and Phase 3: a relapse test (e.g., some manipulation occurs to
assess whether target responding recurs). However, the strategies employed during Phase 2
and Phase 3 set the relapse methodologies apart. The key features of resurgence, one type of
relapse methodology, offer promise as a human analogue of relapse [27].
The resurgence paradigm models acquisition (e.g., of drug use or another problem behavior), cessation (through alternative reinforcement that is incompatible with the problem
behavior), and relapse (through removal of alternative reinforcement) of problem behavior
[28]. In animal models, these processes are modeled by making a reward (e.g., a drug) available
for responding on a target manipulandum (e.g., lever) during a baseline phase. Once responding is established and the subject reliably earns rewards, target responses are placed on extinction and responses to an alternative manipulandum (e.g., a chain) produce an alternative
reward. Finally, once responding on the target manipulandum has stabilized in the presence of
the alternative manipulandum and its associated reward, responses on the alternative manipulandum are also placed on extinction and a return to the target manipulandum is indicative of
relapse (in this case, resurgence).
Resurgence is an especially attractive model of relapse because it adequately captures the
process of problem behavior acquisition, treatment, and potentially relapse (upon treatment
termination) in the real world [28]. For example, a person acquires drug-taking when they
encounter the reinforcing effects of the drug and begin using the drug regularly. In severe
cases, the person cannot moderate use of the drug and must receive help from a treatment
facility. Inside the treatment facility, drugs are no longer available and we can bring them in
contact with alternative sources of reinforcement (e.g., social reinforcement, hobbies, etc.).
Finally, when they check out of the treatment facility, those alternative sources of reinforcement are no longer available, and they may return to using drugs (i.e., they may experience
resurgence of drug taking). Thus, this methodology captures the key features of acquisition,
treatment, and relapse for severe problem behavior [27]. Despite the attractive features of
resurgence as an analogue to severe human problem behavior, it is not as widely used as other
relapse techniques (e.g., reinstatement).
To assess the role of nicotine in relapse for AUD symptomology, we conducted an experiment assessing the effect of continuous nicotine exposure on resurgence for alcohol seeking in
rats. First, rats acquired alcohol consumption in their home cage. Next, the rats responded on
levers to earn alcohol rewards in an operant chamber. Then, we conducted surgery on each
subject to implant an osmotic minipump that delivered saline or nicotine (depending on the
group) at a constant rate for 28 days. Osmotic minipumps were chosen over pre-session drug
injections because injections can cause stress [29], which itself can induce relapse in rats [30].
Finally, all subjects experienced a typical resurgence task to model what humans experience in
the clinic: a drug-taking phase (Baseline), a treatment phase (Alternative Reinforcement), and
a relapse phase (Resurgence Testing). We hypothesized that both groups would show relapse
(increased responses on the lever that was associated with alcohol rewards, the target lever)
during resurgence testing, but the nicotine group would relapse to a greater extent.
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Materials and methods
Subjects
Twelve experimentally naïve male Long Evans rats, aged 71–90 days, were obtained from
Charles River Laboratories. Following Pretraining (see below), rats were assigned to one of
two groups: Sal (saline; n = 6) or Nic (nicotine; n = 6), such that groups were matched based
on dose of self-administered alcohol during pretraining. Rats were maintained at 100% of their
free-feeding body weight through post-session supplemental feeding throughout the experiment. Rats were fed LabDiet1 rat chow and had continuous access to water in their home
cages. Rats were individually housed in a temperature-controlled colony room with a 12:12
hour light/dark cycle. Sessions were conducted every day at approximately the same time each
day during the light cycle. The current study was approved by the Utah State University Institutional Animal Care and Use Committee.

Materials
Apparatus. Four standard Coulbourn operant chambers (Coulbourn Instruments)
enclosed in light- and sound-attenuating cubicles were used for this experiment. Each operant
chamber was equipped with two fixed levers on the front panel. The lever designated as the target response (i.e., left or right) was counterbalanced across rats. Each lever had a green, red,
and yellow LED light above the lever. A receptacle was located in the middle of the front panel
and equipped with a light. A pellet dispenser above the receptacle delivered 45-mg dustless
precision chocolate pellets into the receptacle. Chocolate pellets were obtained from BioServ1. There was also a dipper located under the receptacle that could be raised to provide 0.1
mL of liquid solution. Each chamber had a houselight located on the ceiling of the front panel
to provide general illumination.
Drugs. Distilled water and 95% ethanol were used to make a 20% ethanol solution that
was self-administered orally in the home cage during the two-bottle choice procedure and in
the operant chamber. During surgery, osmotic mini-pumps were filled with 2 mL of drug solution. The drug solution used for the Sal group was 0.9% sterile saline solution. The drug solution for the Nic group was made using nicotine hydrogen tartrate salt (MP Biomedicals, LLC.)
dissolved in 0.9% sterile saline solution. Nicotine was delivered at approximately 3 mg/kg/day
[12].

Procedure
Two-bottle choice. An intermittent-access two-bottle choice procedure was used to establish ethanol consumption [31]. Rats were given access to a bottle containing 20% ethanol solution 3 days per week (i.e., Monday, Wednesday, Friday, or Tuesday, Thursday, Saturday) in
their home cages. Water was freely available in another bottle during ethanol sessions and ethanol-free sessions. This phase lasted for 8 weeks (24 sessions) and all subjects consumed a dose
of alcohol that was above the criterion dose (> 0.3 g/kg) [31] by the end of this phase.
Pretraining. Following the two-bottle choice procedure, rats began daily sessions in the
operant chambers. Session initiation consisted of illumination of the houselight and the target
lever stimulus light. Rats initially responded on the target lever according to a fixed ratio (FR)
schedule of reinforcement. Reinforcer deliveries consisted of access to a single dipper (.1 mL)
of 20% alcohol. The dipper remained in the raised position for 10 s, during which a light in the
dipper aperture was illuminated. If a photobeam, directly in front of the dipper, was broken,
the alcohol reward was considered “consumed”. On the first day of pretraining, alcohol was
available on an FR 1 schedule (each response produced an alcohol reward). Each day, the dose
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of alcohol consumed was calculated and, if the subject consumed a dose above the criterion
dose (>0.3 g/kg), then the ratio schedule was increased on the following day. After a subject
consumed a dose above the criterion dose on an FR 4 schedule of reinforcement, subsequent
sessions were conducted with a variable ratio (VR) schedule (modified from Fleschler & Hoffman’s [32] constant probability distribution), in which the number of required responses varied around an average value. Rats first responded on a VR 4, and the average ratio schedule
increased by 2 on subsequent days if the dosing criterion was met. Throughout Pretraining,
there were no programmed consequences for presses to the inactive lever, and the chain (alternative reinforcement manipulandum) was not available.
After subjects consumed a dose of alcohol above the criterion at a VR 10 schedule of reinforcement, they were assigned to a group (Sal or Nic; matched on pre-training alcohol consumption) and surgery was conducted (see below). Throughout the experiment, all sessions
terminated after 60 min.
Surgery. Osmotic minipumps (model 2ML4; Alzet, Cupertino, CA), dispensing 60 μl of
solution/day at a constant rate for 28 days (i.e., 3.0 mg/kg/day), were used for nicotine administration. Prior to implantation, pumps were filled with a liquid solution. For half of the subjects, nicotine solution (3.0 mg/kg free base per day) was used and for the other half of the
subjects, saline alone was used. Rats were anesthetized with isoflurane and pumps were
inserted into a subcutaneous pocket in the rat’s dorsal thoracic area via a small incision [33].
Rats were allowed two days to recover from surgery during which twice-daily injections of an
NSAID analgesic (Flunixin Meglumine, 1.1 mg/kg, subcutaneous) and an antibiotic (Gentamicin, 2.0 mg/kg, intraperitoneal) were administered. Following recovery from surgery rats
began alcohol self-administration (i.e., Baseline).
Baseline. During Baseline, a VR 10 schedule of reinforcement was in place on the target
lever, and reinforcer deliveries consisted of access to a single dipper (0.1 mL) of 20% ethanol solution for 10 s. During reinforcer deliveries, the LED lights above the lever extinguished and the light
in the dipper aperture was illuminated. There were no programmed consequences for presses to
the inactive lever, and the chain (alternative reinforcement manipulandum) was not available.
Alternative reinforcement. Following Baseline, rats responded on the chain to earn
access to chocolate pellets. A VR 4 schedule of reinforcement was in effect for 10 days. During
the first two sessions of the phase, the first 10 reinforcers were available on an FR 1 to facilitate
acquisition of chain pulling [34]. Reinforcer deliveries consisted of a single chocolate pellet.
Following a pellet delivery the LED lights above the lever were extinguished and the light in
the pellet/dipper aperture was illuminated for 10 s. There were no programmed consequences
for presses to the target or inactive levers.
Resurgence testing. Following the Alternative phase, rats completed three sessions in
which all reinforcement was suspended. There were no programmed consequences for
responses to the levers or the chain.

Data analysis
To first establish that the two-bottle choice procedure was successful in inducing consumption
of alcohol, a linear mixed-effects model was conducted, using the lme4 package [35] in R [36].
For this analysis, the percentage of alcohol consumed (i.e., the amount of alcohol consumed
divided by the total amount of liquid consumed) per day was the dependent variable and session was the sole independent variable. A random intercept of subject (rat) and random slope
(session) were included because they were found to significantly improve the model. The significance of the predictor was evaluated using a Wald test via the car package [37], and the
necessity of additional random effects was evaluated using likelihood ratio tests.
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Next, the effects of nicotine on target responding were assessed across phases. To account
for any individual differences in response rate, we calculated the proportion of baseline
responding for each session during the subsequent phases. To calculate the proportion of baseline responding, the response rate (target responses / min) during each session of Alternative
Reinforcement and Resurgence Testing was divided by the response rate during the last session of Baseline. If responding did not change from Baseline, the proportion of baseline
responding would be equal to 1. If responding increased or decreased from Baseline, the proportion of baseline responding would be greater than or less than 1, respectively. Proportion of
baseline responding was used as the dependent measure for the analyses that follow.
The effects of nicotine on target responding were analyzed across phases using linear
mixed-effects modeling in R [36] using the lme4 package [35]. The initial model tested
included Session, Phase, Group, and all of their interactions as predictors of target responding.
This initial model included a random intercept of subject (rat) and no a-priori random slope
effects. A three-way interaction between these variables was anticipated because the contingencies for target responding changed across phases, behavior subsequently shifted to conform to
these new contingencies across sessions (more or less rapidly, depending on the phase), and
thereafter, any effect of nicotine would most likely further moderate these differences. Significance of predictors and necessity of random effects were assessed as described above. Specific
comparisons of target responding across phases and groups were conducted using the lsmeans
package [38]. To clarify the nature of the three-way interaction, follow-up models were conducted within each experimental phase, including predictors of Group, Session, and their
interaction. The random effects structure for these follow-up models was the same as that for
the final model (see Results below).
Finally, we conducted two additional analyses to assess any additional relations in the data.
First, we assessed the latency to the first target lever press during the first session of Resurgence
Testing as a function of group membership with a Mann Whitney U test. Then, we assessed
the correlation between alcohol consumption during the two-bottle choice procedure and the
degree of resurgence observed by conducting a Spearman correlation on average g/kg consumed during the final week (i.e., 3 sessions) of two-bottle choice and degree of resurgence on
the first day of resurgence testing (number of target responses on the first day of Resurgence
Testing–number of target responses on the last day of Alternative Reinforcement).

Results
The two-bottle choice procedure produced escalation of alcohol intake across the 24 sessions
using this procedure. Fig 1 shows session-by-session percent alcohol consumption during the
two-bottle choice procedure. The increase in percent alcohol consumption was confirmed via
a significant fixed effect of session on percent of alcohol consumption χ2 (1) = 24.43, p <
.0001, such that percent of alcohol consumption increased as duration of exposure increased
(B = 1.64, SE = 0.33). On the first day of exposure, rats overall showed a relatively low percentage of alcohol consumption (31%, SE = 6.5), which subsequently increased to 49% (SE = 4.70)
and 69% (SE = 5.50) in sessions 12 and 24, respectively. Although the percent of alcohol consumption overall increased with session, there were individual differences in the extent to
which alcohol consumption changed across sessions (random slope of session; χ2 (2) = 30.61,
p < .0001).
Fig 2 depicts the average number of responses on the target lever (red data path) and alternative reinforcement chain (blue data path) as a function of session for the Sal (open circles)
and Nic (closed circles) groups, across each phase of the experiment. The average number of
target responses per session was relatively high for both groups during Baseline (when
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Fig 1. Percentage of alcohol consumed (i.e., ml of 20% alcohol / (ml of water + ml of 20% alcohol) averaged across
all subjects for each session of the two-bottle choice procedure. Error bars represent standard error of the mean.
https://doi.org/10.1371/journal.pone.0202230.g001

responses on this lever produced alcohol), decreased during Alternative Reinforcement (when
responses on this lever no longer produced alcohol and responses on a chain produced chocolate pellets), and increased during Resurgence Testing (when responses to both manipulanda
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Fig 2. Average Target (red data paths) and Alternative (blue data paths) manipulanda responses plotted as a function of session across phases. Filled circles
represent data for the Nicotine group and open circles represent data for the Saline group. Error bars represent standard error of the mean.
https://doi.org/10.1371/journal.pone.0202230.g002
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were placed on extinction). Responding on the chain increased during Alternative Reinforcement (when responses on the chain produced chocolate pellets) and decreased during Resurgence Testing (when responses on the chain no longer produced chocolate pellets) at similar
rates for both groups.
The number of inactive lever responses per session did not significantly increase for either
group from the last session of Alternative Reinforcement (Nic: M = 12.17, SEM = 7.37; Sal:
M = 11.17, SEM = 3.89) to the first session of Resurgence Testing (Nic: M = 20.67, SEM = 9.47;
Sal: M = 10.00, SEM = 2.91). A 2 X 2 (Session X Group) mixed-model ANOVA performed on
inactive lever responses between the last session of Phase 2 and the first session of Phase 3
revealed non-significant main effects of session F(1,10) = .618, p = .45, ηp2 = .058 and group F
(1,10) = .012, p = .526, ηp2 = .041 and a non-significant Session X Group interaction F(1,10) =
1.073, p = .325, ηp2 = .097. Thus, inactive lever responding did not increase when alternative
reinforcement was removed, indicating that responding during Phase 3 was directed at the target lever, rather than the product of a general increase in responding induced by extinction of
the alternative response.
The final linear mixed-effects model (referred to as “main model” henceforth for simplicity)
included the addition of a random slope effect of session, which significantly improved the
model, χ2 (2) = 10.59, p = .005. Responding shifted systematically as a function of session and
phase. This result is evident in the main model (see Table 1) by significant main effects of Session (χ2 [1] = 15.03, p < .001) and Phase (χ2 [2] = 958.45, p < .001). The number of lever
presses per session for the Sal and Nic groups, however, was not significantly different
throughout the experiment. This result is illustrated by the lack of a main effect of Group
(χ2 [1] = 1.86, p = .17). The interaction between Session, Group, and Phase was significant
(χ2 [2] = 9.75, p = .008), however, which required follow-up analyses to understand. Thus, the
main model was used to evaluate differences in responding across phases, but group differences and trends of responding within each phase are determined from follow-up models.
During baseline, the two groups showed different trends in the number of responses per
session across sessions (see Fig 1). The Nic group showed a downward trend in the number of
target responses across Baseline sessions relative to the Sal group. This finding is evident in the
Table 1. Multilevel model results from the full final model.
Fixed Effects

β

S.E.

Intercept

328.03

25.47

Session

-22.96

4.96

Saline

92.05

36.02

Alternative Reinforcement

-333.27

31.76

Resurgence

-258.75

41.49

Session x Saline

27.58

7.01

Session x Alternative Reinforcement

9.74

5.95

Session x Resurgence

10.13

27.35

Saline x Alternative Reinforcement

-98.58

44.92

Saline x Resurgence

-78.57

58.68

Session x Saline x Alternative Reinforcement

-25.88

8.41

Session x Saline x Resurgence

-33.83

38.67

Random Effects

Variance

S.D.

Subject (Intercept)

864.40

29.40

Session

41.30

6.43

Residual

8761.70

93.60

https://doi.org/10.1371/journal.pone.0202230.t001

PLOS ONE | https://doi.org/10.1371/journal.pone.0202230 August 15, 2018

8 / 14

Continuous nicotine exposure does not affect resurgence of alcohol seeking in rats

Table 2. Follow-up model for baseline phase.
Fixed Effects

β

S.E.

Intercept

328.03

44.64

Session

-22.96

7.78

Saline

92.05

63.13
11.00

Session x Saline

27.58

Random Effects

Variance

S.D.

Subject (Intercept)

8495.10

92.17

Session

241.60

15.54

Residual

10014.90

100.07

https://doi.org/10.1371/journal.pone.0202230.t002

follow-up model of responding in baseline (see Table 2) where a significant Session X Group
interaction (χ2 [1] = 6.28, p = .01) was observed. Despite this difference in the trend of
responding for alcohol, there were no differences in the number of responses per session
between groups in any given session (all ps > .13).
From Baseline to Alternative Reinforcement, the main model showed a significant decrease
in target responding across both groups (t [254] = 17.03, p < .001). Fig 1 shows that target
responding decreased substantially from the end of Baseline to the beginning of Alternative
Reinforcement for both groups. Within the Alternative Reinforcement phase, target responding decreased across sessions in both groups to a similar extent. This effect is evident in the
Alternative Reinforcement follow-up model (see Table 3), which shows a significant main
effect of Session (χ2 [1] = 53.73 p < .001), but no significant main effect of Group (χ2 [1] =
1.44, p = .223) nor a Session X Group interaction (χ2 [1] = 0.25, p = .61).
From Alternative Reinforcement to Resurgence Testing, target responding increased for
both groups to a similar extent (see Fig 3). Results from the main model showed a significant
increase in target responding across both groups (t [254] = -2.88, p = .004); however, there was
no difference between groups in target responding on the first day of Resurgence testing (t
[150] = -0.26, p = .80). These results are depicted in the first data point of the last phase in Fig
2. To further highlight this finding, Fig 3 depicts the proportion of baseline target responses as
a function of session, for the last three days of Alternative Reinforcement and the three days of
Resurgence Testing for the Sal (open circles) and Nic (closed circles) groups. There was an
increase in proportion of baseline responding from the last day of Alternative Reinforcement
to the first day of Resurgence Testing in both groups, but the increase was similar for both
groups (i.e., there was no group difference in the degree of resurgence).
The two follow-up analyses also yielded no significant results. All rats responded on the
chain at the beginning of the first session of Resurgence Testing. However, there was no group
Table 3. Follow-up model for alternative reinforcement phase.
Fixed Effects

β

S.E.

Intercept

-5.24

13.01

Session

-13.22

3.74

Saline

-6.53

18.39

Session x Saline

1.70

5.28

Random Effects

Variance

S.D.

Subject (Intercept)

203.70

14.27

Session

55.30

7.44

Residual

2348.30

48.46

https://doi.org/10.1371/journal.pone.0202230.t003
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Fig 3. Average proportion of Baseline Target (alcohol) lever responses plotted as a function of session for the Nicotine and Saline groups. Data are
plotted for the last three days of the Alternative Reinforcement Phase (left) and the three days of Resurgence Testing (right). Filled circles represent data
for the Nicotine group and open circles represent data for the Saline group. Error bars represent standard error of the mean.
https://doi.org/10.1371/journal.pone.0202230.g003

difference in the latency to the first response emitted (Nic: Mdn = 2.67 mins.; Sal: Mdn = 2.01
mins.) on the target lever during the first session of resurgence testing, U = 17.00, p = .937.
There was also no correlation between the degree of resurgence (i.e., the number of target
responses on the first day of Resurgence–the number of target responses on the last day of
Alternative Reinforcement) and average consumption of alcohol for the last three days of the
two-bottle choice procedure, rs(10) = .378, p = .227.

Discussion
The results clearly illustrate that resurgence of alcohol seeking occurred in both the Nic and
Sal groups. That is, in both groups, there was a significant increase in the number of target
responses on the first day of Resurgence Testing relative to the number of target responses on
the last day of Alternative Reinforcement. The findings for both groups in this experiment replicate the few prior studies that have shown resurgence of alcohol seeking [34,39].
This study is the first to investigate the effect of nicotine on resurgence of alcohol seeking.
We did not find any evidence to support our hypothesis that nicotine augments relapse for
alcohol seeking. There were no group differences observed across the entire study. Both groups
responded on the target lever for alcohol to a similar degree during Baseline, both groups
decreased responses on the target lever to a similar degree during Alternative Reinforcement,
and both groups increased responses on the target lever during Resurgence Testing to a similar
degree.
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The results of the current study suggest that nicotine administration does not influence
resurgence for alcohol seeking, but it is also possible that that the methodology employed hindered our ability to detect an effect of nicotine on resurgence of alcohol seeking. Osmotic
minipumps have been used extensively to investigate the effects of chronic drug exposure.
They are a useful tool that overcomes many challenges that are encountered with other drug
delivery techniques (e.g., stress, conditioned drug effects from regular injections, costly equipment, lengthy training of staff, etc.). Osmotic minipumps have been used successfully to investigate the relation between continuous nicotine exposure and alcohol self-administration [40].
However, Brynildsen et al. [41] argue that continuous nicotine delivery, via osmotic minipumps, may not adequately model human nicotine intake. Human smokers (and “vapers”)
have an intermittent pattern of nicotine intake throughout the day and prolonged withdrawal
throughout the night. Brynildsen et al. argue that this pattern of intake allows nicotinic acetylcholine receptors to return to a fully active state between smoking episodes [42]. The intermittency of nicotine exposure in human smokers is thought to be critical to the addictive nature
of the drug and may also play an important role in the reward-enhancing effects attributed to
the drug. By using a continuous nicotine delivery method in the current study, the rewardenhancement of alcohol by nicotine may have been affected, as the reward-enhancing properties of nicotine are mediated by these receptors as well [43].
The decreasing trend in target responding for the Nic group during Baseline (as opposed to
stable responding for Sal group during this phase; see Fig 1) may be indicative of desensitization
of nicotinic acetylcholine receptors. The initial elevation in target lever responding for the Nic
group relative to the Sal group suggests that nicotine may have made alcohol more reinforcing,
but this effect waned across sessions to the point that the Nic group actually responded for alcohol slightly less than the saline group by the end of this phase. This decreasing trend in target
responses may be the product of nicotinic acetylcholine receptor desensitization and directly
related to our decision to use continuous delivery of nicotine as opposed to intermittent delivery
of nicotine. Future research should investigate the effect of intermittent nicotine exposure on
resurgence of alcohol seeking to assess whether or not the same results are observed.
In summary, we investigated the effect of continuous nicotine exposure on resurgence of
alcohol seeking. We predicted and found resurgence of alcohol seeking in both the Nic and Sal
groups. We further predicted, however, that nicotine would augment resurgence of alcohol
seeking relative to a saline control group. We found no evidence to support this latter hypothesis. However, this null result may be due to the continuous drug delivery method that was chosen, and different results may be observed if nicotine administration was conducted
intermittently as opposed to continuously.

Supporting information
S1 Dataset. In the supporting information file, there are 7 columns. The first column is
group assignment. The second column is subject ID. The third column is phase. The fourth
column is session number. The fifth column is total grams of alcohol drunk during the session.
The sixth column is grams of alcohol drunk per kilogram in the session. The seventh column
is the number of active lever responses per session.
(XLSX)

Author Contributions
Conceptualization: Charles C. J. Frye, Jillian M. Rung, Rusty W. Nall, Ann Galizio, Jeremy M.
Haynes, Amy L. Odum.

PLOS ONE | https://doi.org/10.1371/journal.pone.0202230 August 15, 2018

11 / 14

Continuous nicotine exposure does not affect resurgence of alcohol seeking in rats

Data curation: Charles C. J. Frye, Jillian M. Rung, Rusty W. Nall, Ann Galizio, Jeremy M.
Haynes.
Formal analysis: Charles C. J. Frye, Jillian M. Rung, Jeremy M. Haynes.
Funding acquisition: Charles C. J. Frye, Amy L. Odum.
Investigation: Charles C. J. Frye, Jillian M. Rung, Rusty W. Nall, Ann Galizio, Jeremy M.
Haynes, Amy L. Odum.
Methodology: Charles C. J. Frye, Jillian M. Rung, Rusty W. Nall, Ann Galizio, Jeremy M.
Haynes, Amy L. Odum.
Project administration: Charles C. J. Frye, Amy L. Odum.
Resources: Charles C. J. Frye, Amy L. Odum.
Software: Charles C. J. Frye.
Supervision: Charles C. J. Frye, Amy L. Odum.
Validation: Charles C. J. Frye, Amy L. Odum.
Visualization: Charles C. J. Frye, Amy L. Odum.
Writing – original draft: Charles C. J. Frye.
Writing – review & editing: Charles C. J. Frye, Jillian M. Rung, Rusty W. Nall, Ann Galizio,
Jeremy M. Haynes, Amy L. Odum.

References
1.

Centers for Disease Control and Prevention (CDC). Consumption of cigarettes and combustible
tobacco—United States, 2000–2011. MMWR. Morbidity and mortality weekly report. 2012 Aug 3; 61
(30):565. PMID: 22854624

2.

Esser MB, Hedden SL, Kanny D, Brewer RD, Gfroerer JC, Naimi TS. Peer Reviewed: Prevalence of
Alcohol Dependence Among US Adult Drinkers, 2009–2011. Preventing chronic disease. 2014; 11.
https://doi.org/10.5888/pcd11.140329 PMID: 25412029

3.

Grant B. F., Goldstein R. B., Saha T. D., Chou P., Jung J., Zhang H., et al. (2015). Epidemiology of
DSM-5 alcohol use disorder: results from the National Epidemiologic Survey on Alcohol and Related
Conditions III. JAMA psychiatry, 72(8), 757–766. https://doi.org/10.1001/jamapsychiatry.2015.0584
PMID: 26039070

4.

National Institute on Alcohol Abuse and Alcoholism. NIH study finds alcohol use disorder on the
increase [press release]. 2015 Jun. Retrieved from http://www.niaaa.nih.gov/news-events/newsreleases/nih-study-finds-alcohol-use-disorder-increase

5.

Moos RH, Moos BS. Rates and predictors of relapse after natural and treated remission from alcohol
use disorders. Addiction. 2006 Feb 1; 101(2):212–22. https://doi.org/10.1111/j.1360-0443.2006.01310.
x PMID: 16445550

6.

National Institute on Alcohol Abuse and Alcoholism. Brain patterns may help predict relapse for alcoholism [press release]. 2013 May. Retrieved from http://www.niaaa.nih.gov/news-events/news-releases/
brain-patterns-alcoholism-relapse

7.

U.S. Department of Health Human Services. The Health Consequences of Smoking– 50 Years of Progress: A report of the Surgeon General. 2014. Retrieved from https://www.surgeongeneral.gov/library/
reports/50-years-of-progress/index.html

8.

Markou A. Neurobiology of nicotine dependence. Philosophical Transactions of the Royal Society B:
Biological Sciences. 2008 Oct 12; 363(1507):3159–68. https://doi.org/10.1098/rstb.2008.0095 PMID:
18640919

9.

Chapman SL, Wu LT. E-cigarette prevalence and correlates of use among adolescents versus adults: a
review and comparison. Journal of psychiatric research. 2014 Jul 1; 54:43–54. https://doi.org/10.1016/j.
jpsychires.2014.03.005 PMID: 24680203

PLOS ONE | https://doi.org/10.1371/journal.pone.0202230 August 15, 2018

12 / 14

Continuous nicotine exposure does not affect resurgence of alcohol seeking in rats

10.

Caggiula AR, Donny EC, Palmatier MI, Liu X, Chaudhri N, Sved AF. The role of nicotine in smoking: A
dual-reinforcement model. In The motivational impact of nicotine and its role in tobacco use, 2008 (pp.
91–109). Springer, New York, NY.

11.

Chaudhri N, Caggiula AR, Donny EC, Booth S, Gharib M, Craven L, et al. Self-administered and noncontingent nicotine enhance reinforced operant responding in rats: impact of nicotine dose and reinforcement schedule. Psychopharmacology. 2007 Feb 1; 190(3):353–62. https://doi.org/10.1007/
s00213-006-0454-8 PMID: 16847680

12.

Cassidy RN, Dallery J. Quantifying nicotine’s value-enhancement effect using a behavioral economic
approach. Journal of the experimental analysis of behavior. 2014 Nov 1; 102(3):353–62. https://doi.org/
10.1002/jeab.109 PMID: 25270581

13.

Barrett ST, Odum AL. The effects of repeated exposure on the reward-enhancing effects of nicotine.
Behavioural pharmacology. 2011 Aug 1; 22(4):283–90. https://doi.org/10.1097/FBP.
0b013e3283473c25 PMID: 21562409

14.

Barrett ST, Bevins RA. A quantitative analysis of the reward-enhancing effects of nicotine using reinforcer demand. Behavioural pharmacology. 2012 Dec; 23(8):781. https://doi.org/10.1097/FBP.
0b013e32835a38d9 PMID: 23080311

15.

Dawkins L, Acaster S, Powell JH. The effects of smoking and abstinence on experience of happiness
and sadness in response to positively valenced, negatively valenced, and neutral film clips. Addictive
behaviors. 2007 Feb 1; 32(2):425–31. https://doi.org/10.1016/j.addbeh.2006.05.010 PMID: 16824689

16.

Perkins KA, Karelitz JL. Reinforcement enhancing effects of nicotine via smoking. Psychopharmacology. 2013 Aug 1; 228(3):479–86. https://doi.org/10.1007/s00213-013-3054-4 PMID: 23494236

17.

Patten C. A., Martin J. E., & Owen N. (1996). Can psychiatric and chemical dependency treatment units
be smoke free? Journal of substance abuse treatment, 13(2), 107–118. https://doi.org/10.1016/07405472(96)00040-2 PMID: 8880668

18.

Hauser SR, Bracken AL, Deehan GA, Toalston JE, Ding ZM, Truitt WA, et al. Selective breeding for
high alcohol preference increases the sensitivity of the posterior VTA to the reinforcing effects of nicotine. Addiction biology. 2014 Sep 1; 19(5):800–11. https://doi.org/10.1111/adb.12048 PMID: 23496648

19.

Burns BE, Proctor WR. Cigarette smoke exposure greatly increases alcohol consumption in adolescent
C57BL/6 mice. Alcoholism: Clinical and Experimental Research. 2013 Jan 1; 37(s1). https://doi.org/10.
1111/j.1530-0277.2012.01911.x PMID: 22827559

20.

Hitschfeld MJ, Schneekloth TD, Ebbert JO, Hall-Flavin DK, Karpyak VM, Abulseoud OA, et al. Female
smokers have the highest alcohol craving in a residential alcoholism treatment cohort. Drug & Alcohol
Dependence. 2015 May 1; 150:179–82. https://doi.org/10.1016/j.drugalcdep.2015.02.016 PMID:
25746235

21.

Cooney NL, Litt MD, Sevarino KA, Levy L, Kranitz LS, Sackler H, et al. Concurrent alcohol and tobacco
treatment: Effect on daily process measures of alcohol relapse risk. Journal of Consulting and Clinical
Psychology. 2015 Apr; 83(2):346. https://doi.org/10.1037/a0038633 PMID: 25622198

22.

Cooney NL, Litt MD, Cooney JL, Pilkey DT, Steinburg HR, Oncken CA. Alcohol and tobacco cessation
in alcohol-dependent smokers: Analysis of real-time reports. Psychology of Addictive Behaviors. 2007
Sep; 21(3):277. https://doi.org/10.1037/0893-164X.21.3.277 PMID: 17874878

23.

Cooney JL, Cooney NL, Pilkey DT, Kranzler HR, A Oncken C. Effects of nicotine deprivation on urges
to drink and smoke in alcoholic smokers. Addiction. 2003 Jul 1; 98(7):913–21. https://doi.org/10.1046/j.
1360-0443.2003.00337.x PMID: 12814497

24.

Gilbertson R, Frye RF, Nixon SJ. Nicotine as a factor in stress responsiveness among detoxified alcoholics. Alcohol and Alcoholism. 2010 Nov 2; 46(1):39–51. https://doi.org/10.1093/alcalc/agq070 PMID:
21045074

25.

Cosgrove KP, McKay R, Esterlis I, Kloczynski T, Perkins E, Bois F, et al. Tobacco smoking interferes
with GABAA receptor neuroadaptations during prolonged alcohol withdrawal. Proceedings of the
National Academy of Sciences. 2014 Dec 16; 111(50):18031–6. https://doi.org/10.1073/pnas.
1413947111 PMID: 25453062

26.

Marchant NJ, Li X, Shaham Y. Recent developments in animal models of drug relapse. Current Opinion
in Neurobiology. 2013 Aug 1; 23(4):675–83. https://doi.org/10.1016/j.conb.2013.01.003 PMID:
23374536

27.

Winterbauer NE, Lucke S, Bouton ME. Some factors modulating the strength of resurgence after extinction of an instrumental behavior. Learning and motivation. 2013 Feb 1; 44(1):60–71. https://doi.org/10.
1016/j.lmot.2012.03.003 PMID: 23515657

28.

Suess AN, Romani PW, Wacker DP, Dyson SM, Kuhle JL, Lee JF, et al. Evaluating the treatment fidelity of parents who conduct in-home functional communication training with coaching via telehealth. Journal of Behavioral Education. 2014 Mar 1; 23(1):34–59. https://doi.org/10.1007/s10864-013-9183-3

PLOS ONE | https://doi.org/10.1371/journal.pone.0202230 August 15, 2018

13 / 14

Continuous nicotine exposure does not affect resurgence of alcohol seeking in rats

29.

Vinkers CH, de Jong NM, Kalkman CJ, Westphal KG, van Oorschot R, Olivier B, et al. Stress-induced
hyperthermia is reduced by rapid-acting anxiolytic drugs independent of injection stress in rats. Pharmacology Biochemistry and Behavior. 2009 Oct 1; 93(4):413–8. https://doi.org/10.1016/j.pbb.2009.05.017
PMID: 19520106

30.

Shaham Y, Erb S, Stewart J. Stress-induced relapse to heroin and cocaine seeking in rats: a review.
Brain Research Reviews. 2000 Aug 1; 33(1):13–33. https://doi.org/10.1016/S0165-0173(00)00024-2
PMID: 10967352

31.

Simms JA, Steensland P, Medina B, Abernathy KE, Chandler LJ, Wise R, et al. Intermittent access to
20% ethanol induces high ethanol consumption in Long–Evans and Wistar rats. Alcoholism: Clinical
and Experimental Research. 2008 Oct 1; 32(10):1816–23. https://doi.org/10.1111/j.1530-0277.2008.
00753.x PMID: 18671810

32.

Fleshler M, Hoffman HS. A progression for generating variable-interval schedules. Journal of the experimental analysis of behavior. 1962 Oct; 5(4):529. https://doi.org/10.1901/jeab.1962.5–529

33.

Moretti M, Mugnaini M, Tessari M, Zoli M, Gaimarri A, Manfredi I, et al. A comparative study of the
effects of the intravenous self-administration or subcutaneous minipump infusion of nicotine on the
expression of brain neuronal nicotinic receptor subtypes. Molecular pharmacology. 2010 Aug 1; 78
(2):287–96. https://doi.org/10.1124/mol.110.064071 PMID: 20439469

34.

Podlesnik CA, Jimenez-Gomez C, Shahan TA. Resurgence of alcohol seeking produced by discontinuing non-drug reinforcement as an animal model of drug relapse. Behavioural Pharmacology. 2006 Jun
1; 17(4):369–74. https://doi.org/10.1097/01.fbp.0000224385.09486.ba PMID: 16914956

35.
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